Development of a “Realistic” Model of the Dynamic Chromatin Fiber using an Integrated Computational Approach  by Todolli, Stefjord et al.
Wednesday, February 11, 2015 539achromosome structure have broad implications in studying effects of the geom-
etry of nucleus on higher-order genome organization and nuclear functions.
Here we describe a multi-chromosome constrained self-avoiding chromatin
model for studying ensembles of structural genome models to understand the
folding principles of budding yeast genome. We successfully generated a large
number of model genomes of yeast under different geometrical constraints and
found that spatial confinement of cell nucleus and molecular crowding in the
nucleus are key determinants of the folding behavior of yeast chromosomes.
Furthermore, the relative positioning of chromosomes and the interactions be-
tween them are found to be due to presence of nuclear landmarks such as
centromere tethering to spindle pole body.
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In eukaryotic cells, DNA is wrapped around histone octamers, forming nucle-
osomes. In the centromere, the region of the chromosome that links sister chro-
matids, histone H3 is replaced by CENP-A (Centromere protein A). Since
CENP-A chromatin is the point of contact between the microtubules/kineto-
chore complex and the rest of the chromosome, these regions endure very
high forces. Whereas canonical nucleosomes unwrap at 3pN and disassemble
at 15-20pN of force, the estimated forces applied by microtubili are much
higher. To investigate how CENP-A nucleosomes respond to externally applied
forces and torque, we studied how CENP-A chromatin responds to defined
stretching forces and torque generated by magnetic tweezers. With this tech-
nique, a single DNA molecule containing a few (up to 10) nucleosomes is teth-
ered between a glass surface and a magnetic bead. By applying stretching
forces at constant negative and positive supercoiling, the forces needed for
disassembly of canonical H3 and CENP-A nucleosomes can be obtained and
compared. By measuring the DNA end-to-end length as a function of applied
rotations before and after CENP-A nucleosomes are removed from the DNA,
the linking number of the nucleosomes can be determined. Interestingly, while
inducing supercoiling at constant low (<0.5pN) forces, unlike canonical nucle-
osomes, CENP-A nucleosomes appear to respond to the applied torque. By
further analyzing the structural stability of CENP-A nucleosomes under
stretching force and torque, we hope to unravel the mechanism by which
CENP-A nucleosomes resists disassembly during mitosis in vivo.
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Chromatin remodelers are essential for establishing and maintaining the place-
ment of nucleosomes along genomic DNA. However, how remodelers respond
to transcription factors and other bound factors that might influence chromatin
organization is poorly understood. Here we use the Lac repressor to investigate
how the Chd1 remodeler responds to a protein bound to the edge of a nucleo-
some. We found that Lac repressor effectively provided a barrier for nucleo-
some sliding by Chd1. This barrier did not require an absolute block in
sliding, but instead was achieved through the bidirectional movement of nucle-
osomes, with a higher preference for sliding nucleosomes away from occupied
Lac repressor sites. The presence of Lac repressor did not markedly diminish
the affinity of Chd1 for nucleosomes, suggesting that Lac repressor is sensed
after nucleosome sliding has been initiated. Nucleosome sliding rates were
also reduced by DNA unwrapping, suggesting a mechanism by which Chd1
may indirectly sense factors bound at the edge of the nucleosome.
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The segregation of DNA prior to cell division is essential to the faithful inher-
itance of the genetic materials. In many bacteria, the segregation of the low-
copy-number plasmids involves an active partition system composed of ParA
ATPase and DNA-binding ParB protein, which stimulates the hydrolysis activ-
ity of ParA. Both in vivo and in vitro experiments have shown that the ParA/
ParB system can drive the persistent movement of the plasmids in a directed
fashion, just like a processive motor protein. However, the underlying mecha-nism remains unknown. We have developed the first theoretical model on
ParA/ParB-mediated motility. We establish that the coupling between the
ParA/ParB biochemistry and its mechanical action works as a robust engine.
It powers the directed movement of plasmids, buffering against the diffusive
motion. Our work thus sheds light on a new emergent phenomenon, in which
elaborate mechanochemical couplings of non-motor proteins can work collec-
tively to propel cargos to designated locations, an ingenious way shaped by
evolution to cope with the lack of a processive motor protein in bacteria.
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We are investigating correlation between the DNA folding in 30-nm chromatin
fiber and the level of gene expression. The 30-nm fiber is generally character-
ized by the nucleosome repeat length (NRL) - that is, the length of the core
DNA, 147 bp, plus the linker DNA length, L. We found previously that there
are two families of the two-start chromatin fiber structures characterized by
different DNA topology and flexibility. (Depending on the NRL value, the
energetically optimal fiber structure belongs to one of the two families.)
Here we analyze the high resolution nucleosome positioning data to find
whether there is any correlation between the NRL and the gene expression level
in yeast. We calculate the NRL values for the two groups of genes - 25% highly
expressed and 25% lowly expressed genes (out of ~3,500 yeast genes that are at
least 1,000 bp long). Our results show that the average NRL¼161-162 bp for
the highly active genes (i.e., linker L¼14-15 bp), whereas NRL¼167-168 bp
(i.e., linker L¼ 20-21 bp) for the lowly transcribed genes. Based on these find-
ings, we conclude that the highly and lowly active gene sets have distinct nucle-
osome fiber organization with the linker Lz10nþ5 and 10n, respectively. We
hypothesize that organization of the most active genes in fibers with Lz10nþ5
(which are more flexible than the fibers with Lz10n) facilitates formation of
gene loops, thereby inducing transcription of these genes.
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The chromatin remodeler,Chd1, creates regularly spaced arrays of nucleosomes.
This spacing behavior correlates with a preference for shifting mononucleo-
somes away from DNA ends. However, the mechanism by which Chd1 senses
extranucleosomal DNA is not understood. To investigate how sliding activity
may be regulated, we are adopting a FRET-based nucleosome sliding assay to
measure the kinetics of Chd1 directed nucleosome sliding. By labeling the end
of theDNAwithCy3 and the nucleosomewithCy5,we should be able tomonitor
nucleosome sliding as the loss of quenching of Cy3 by Cy5 as the dye pair sep-
arates.Using a similar system, others have observed single or double exponential
increases in Cy3 fluorescence corresponding to nucleosome sliding. Curiously,
with Chd1 we observe an initial increasing phase followed by a pause and then a
second increasing phase. In addition, after an initial drop in Cy5 fluorescence ex-
pected fromFRET, a later phase shows an increase in Cy5 fluorescence above its
initial level. These results suggest that not all of the fluorescence signals are re-
porting onDNAmovement alone, and are likely being influenced by Chd1 bind-
ing to the labeled nucleosome. We are investigating other dye pairs and
nucleosome constructs to isolate nucleosome sliding activity from binding or
other molecular interactions that may occur during the reaction.
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DNA in eukaryotic cells is highly compacted into a hierarchical chromatin
structure to fit inside the nucleus. Linker histones play an important role in
this packing. Their interaction with the nucleosomes and intervening DNA
linkers, in combination with linker length, are believed to affect chromatin
folding and long-range interactions. The details of chromatin structure at this
level of compaction are still an open question but have profound implications
540a Wednesday, February 11, 2015on biological processes, such as gene expression. Two major challenges are that
linker histones contain a long intrinsically disordered C-terminal domain
(CTD) and determination of high-resolution structures of chromatin has not
been possible due to the large size of the system and its dynamic nature.
We are taking advantage of the recently published 11-A˚ resolution electron mi-
croscopy maps of two chromatin fibers (Song et al., 2014), to construct a com-
plete low-resolution model of chromatin. High-resolution crystal structures of
nucleosome core particles are fitted to the electron density maps and the inter-
vening segments of linker DNA are modeled based on a sampling protocol that
utilizes new DNA optimization methods. Situs is used to score all models
against the density maps. Linker histones are modeled on the densities ex-
tracted after accounting for the nucleosomes and linker DNA. The modeled
paths of the DNA linkers and the sites of the nucleosomes provide spatial con-
straints for positioning the globular core and modeling the folding of the disor-
dered CTD of the linker histone. The pathways of the CTD are selected from
ensembles of conformations obtained using ab initio structure prediction tools
like Rosetta. We are using the model in coarse-grained Monte Carlo simula-
tions of long-range interactions along arrays of precisely positioned nucleo-
somes in the presence of linker histones.
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Recent studies have revealed that cell geometric constraints regulate cytoskel-
eton as well as nuclear architecture, and gene expression. In addition, the spatial
and temporal organization of chromosomes has been shown to modulate gene
expression. However, the role of 3D organization of the nuclear architecture
and chromosome assembly in facilitating this geometric-constraints regulated
genome regulation is unclear. To address this, we used NIH 3T3 fibroblast cells
cultured on fibronectin coated mircofabricated patterns, and combined fluores-
cence in situ hybridization (FISH) with confocal imaging. We found that alter-
ation of cell geometry changed the radial position of individual chromosomes, as
well as the relative position of specific chromosome pairs. Interestingly, such
chromosome reorganization was accompanied with the enrichment of active
RNA polymerase II (phospho S5CTD) in intermingling regions. Consistent
with microarray results, we observed nuclear localization of serum response co-
factors (MKL) in flattened nuclei, while that of inflammatory response transcrip-
tion factors (p65) in spherical nuclei. Supporting this, super-resolution imaging
of these factors showed spatial colocalization of SRF, MKL and pol2 in rectan-
gular patterns, while colocalization of p65 and pol2 in circular patterns. More
interestingly, binding-activatable localization microscopy (BALM) on open
chromatin spreads revealed specific transcription dependent clustering of chro-
mosomal contacts depending on nuclear morphology. In summary, our results
reveal highly modular changes in 3D chromosome organization to facilitate
co-clustering of genes and its co-regulation, depending on cell geometry.
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Chromatin structure and dynamics control all aspects of DNA biology yet are
poorly understood. In interphase, time between two cell divisions, chromatin fills
the cell nucleus in its minimally condensed polymeric state. Chromatin serves as
substrate to a number of biological processes, e.g. gene expression and DNA
replication, which require it to become locally restructured. These are energy-
consuming processes giving rise to non-equilibrium dynamics. Chromatin dy-
namics has been traditionally studied by imagingof fluorescently labeled nuclear
proteins and single DNA-sites, thus focusing only on a small number of tracer
particles. Recently, we developed an approach, displacement correlation spec-
troscopy (DCS) based on time-resolved image correlation analysis, to map chro-
matin dynamics simultaneously across the whole nucleus in cultured human
cells[1]. DCS revealed that chromatin movement was coherent across large re-
gions (4-5mm) for several seconds. Regions of coherentmotion extended beyond
the boundaries of single-chromosome territories, suggesting elastic coupling of
motion over length scales much larger than those of genes[1]. These large-scale,
coupled motions were ATP-dependent and unidirectional for several seconds.
Following these observations, we developed a hydrodynamic theory of active
chromatin dynamics, using the two-fluid model and describing the content of
cell nucleus as a chromatin solution, which is subject to both passive thermal
fluctuations and active (ATP-consuming) scalar and vector events[2]. In thiswork we continue in our efforts to elucidate the mechanism and function of
the chromatin dynamics in interphase by investigating the dynamic contribution
of major nuclear motors such as DNA polymerase, RNA polymerase II, and
topoisomerase II combining DCS and molecular perturbations.
[1] Zidovska A,Weitz DA, Mitchison TJ, Micron-scale coherence in interphase
chromatin dynamics, PNAS, 110 (39), 15555-15560, 2013
[2] Bruinsma R, Grosberg AY, Rabin Y, Zidovska A, Chromatin Hydrody-
namics, Biophys. J., 106 (9), 1871-1881, 2014
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Nuclear mechanics and structure could affect gene regulation and gene expres-
sion. Chromatin, a major component of cell nuclei, could play an important role
in maintaining nuclear integrity and their mechanical properties. Previous
studies on nuclear mechanical properties have focused largely on the role of
the nuclear lamina, using techniques such as AFM and micropipette aspiration.
In this work, we explicitly address the contributions of chromatin to nuclear
rheology after isolation from the cell using a microfluidic optical stretcher.
We find that isolated nuclei swell in volume under uni-axial stress and exhibit
significant softening with increased nuclear size, which can be described by a
filtration model for the nuclear membrane and a cortical chromatin model,
respectively. In addition, changes to the state of chromatin condensation via his-
tone modifications or chromatin remodeling processes (ATP, topoisomerase II)
can strongly impact nuclear morphology and compliance. Moreover, isolated
nuclear mechanics is also sensitive to ionic conditions: nuclei stiffen with
increasing ionic strength of the buffer and exhibit a transition from stretch to
contraction in the presence of multivalent ions (only). Finally, we find that in
contrast to other studies suggesting a high refractive index of cell nuclei
compared to the cytoplasm, the refractive index of isolated cell nuclei of a variety
of cell types can be lower than the refractive index of the cells. The presented
work establishes a quantitative link between nuclear mechanical properties
and the compaction state of chromatin, which can be modulated by a change
in nuclear volume, chromatin remodeling or electrochemical environment.
2737-Pos Board B167
Tracking Chromosome Conformation in Live Cells with CRISPR Imaging
Juan Guan1, Jeffrey Hu1, Baohui Chen1, Sakaya Sekine1,
Sanjeev Balakrishnan2, Bo Huang1.
1Pharmaceutical Chemistry, UCSF, san francisco, CA, USA, 2Cell and Tissue
Biology, UCSF, san francisco, CA, USA.
In each cell cycle, chromosomes go through dramatic large-scale structural
changes, oscillating between being relatively open at interphase and highly
compact at metaphase. However, little is known about how they change be-
tween the two extremes. Therefore it is desirable to monitor the long-term dy-
namics of chromosome structure in live cells. Here we use a modified CRISPR
system to directly image specific genomic loci in hundreds of live cells with
high temporal and spatial resolution. By following dozens of diffraction-
limited fluorescence spots sparsely decorating a single chromosome, specific
genomic elements can be localized with a precision of ~30 nm. We study
how topological domains and long range interactions between chromosome
loci are maintained or re-established through cell cycle. As CRISPR imaging
allows us flexibility and specificity in imaging any genomic loci, the method
developed here could be easily adapted to explore other systems where long-
term live cell imaging is required.
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A nucleosome, 146 or 147 base-pair DNA wrapped around a histone octamer
composed of two copies of each H3, H4, H2A, and H2B histone proteins, is
a compact unit structure to store eukaryotic DNA into the cell nucleus.
Although the X-ray conformations of the core region have been already deter-
mined, the conformations of the disordered histone terminal regions (histone
tails) remain poorly understood. Recent experimental evidences suggest that
chemical modifications on the histone tails regulate DNA functions, such as
transcription, duplication, and splicing. To understand the regulation mecha-
nism, it is necessary to elucidate difference between conformational states of
unmodified and modified histone tails. Molecular dynamics (MD) simulations
by generalized ensemble methods such as replica exchange MD and multica-
nonical MD are effective means to investigate the conformational ensemble
